Abstract -Transient changes in the concentration of intracellular free calcium are associated with the transduction of primary signals and the subsequent employment of Ca*+ as a second messenger in a multitude of cell types. These transients, typically monitored with the calcium-sensitive fluorescent dye Fura-2, are known to occur with a time course in the order of seconds. in order to accurately monitor such rapid changes in intracellular free calcium concentration in both single ceils and simultaneously in several ceils in a single field, we have developed a digital fluorescence imaging system baeed on a charge-coupled device (CCD) camera. We report here on the detailed kinetics of calcium increases in cultured arterial swine smooth muscle ceils in response to the agonist ATP.
concentration over a period of minutes [ 1, 31. The measurement of sub-second kinetics of the calcium
ICSpOllSfZ in
Furaloaded platelets using stopped-flow fluorometry demonstrated that the population responds to a variety of agonists with a calcium rise in less than one second [5] . Data may also be obtained from single cells using photomultiplier [lo] or imaging techniques [ll] ; stimulated calcium transients in single cells occur rapidly as well [2, 6, 121 . For example, the intracellular calcium concentrations of individual BC3H-1 muscle cells stimulated with phenylephrine were observed to oscillate with a frequency of approximately 2 min-' [ 131. Thus it is evident that transients in the concentration of intracellular free calcium may be rapid, occurring in the order of a few seconds or less.
We have developed a quantitative digital fluorescent imaging system baaed on a chargecoupled device (CCD) camera that can resolve rapid calcium transients in single cells. Multiple cells within the same field of view can be imaged simultaneously, allowing temporal and spatial measurement of the free calcium concentration within each cell. The use of a CCD as an imag-ing device offers several advantages: linearity, high resolution, photometric accuracy, and geometric stability [14, 151. In addition, the user may elect to reduce spatial resolution and/or the sire of the area that is imaged to gain imaging speed or to use the CCD as an image storage device, as detailed below.
To accurately determine the intracellular calcium concentration at a point in time using the calcium-sensitive fluorescent indicator Fura-2, a pair of images of the same field must be obtained, each one taken at a different excitation wavelength. Our system is designed to collect these two images with very little time between the two exposures, thereby minimising errors of temporal registration for rapidly changing signals. The time required to collect and store a pair of images increases with image sire and exposure time. As detailed later, the minimum time between the two wavelength images is 200 ms.
Using our digital fluorescence imaging system we have examined the detailed kinetics of transients in intracellular calcium concentration in individual cultured arterial smooth muscle cells (SMC) stimulated with ATE. ATE, which acts as a constrictor in some smooth muscle beds and as a relaxant in others [16] , is co-released with several neurotransmitters [17] . It may also be released from stimulated platelets [18] . Slakey [19] estimated that ATP may reach smooth muscle cells and neighbouxing endothelial cells at micromolar concentrations.
An ATP-induced rise in intracellular free calcium has been observed in populations of suspended rat aortic smooth muscle cells [20] while isolated arterial smooth muscle cells from rabbit ear have been shown to contain an ATP-activated Ca2+-permeable ion channel [21] . In the present study, we have examined the ATP-stimulated transients in intracellular free calcium in individual adherent SMC tiom pig aorta.
Materials and Methods

Cell and jlow chamber preparation
Smooth muscle cells from pig aortas were isolated and cultured as described previously 1221. Briefly, medial tissue was minced into 1 mm pieces and incubated in Dulbecco's moditied Eagles medium @ME, Gibco, Grand Island, NY, USA) supplemented with 0.3% collagenase at 37°C for 4 h. The digest was then centrifuged and the pellet resuspended in growth medium one (GMl), consisting of DME, formulation 43-1600 as supplied by Gibco, and supplemented with 3.5 g/l additional glucose (4.5 g/l total glucose), 4 mM glutamine, non-essential amino acids' solution for MEM as supplied by Gibco, 200 U/ml penicillin, 0.2 mg/ml streptomycin, 0.6 mg/ml tylocine. and 10% fetal calf serum, and placed in a T-25 flask. Cells attached and grew to confluence within 7 to 10 days. Cells were then subcultured in growth medium two (GM2; identical to GM1 except for the omission of tylocine, non-essential amino acids, and the reduction of the glucose concentration to 1 @l total) for 2 to 3 passages before use. Approximately 2-3 days before an experiment, the celIs were returned to GMl.
Coverslips were prepared by placement of a few drops of a dilute fibronectin solution (gift from the laboratory of E. Westhead) on No. 1 glass coverslip surfaces, incubation of the coverslips at 37°C and 5% CO;! for at least 30 min, and subsequent removal of the solution from the surface by suction. Adherent cells were removed from confluent flasks by treatment with 0.05% trypsin/versene solution and were plated at approximately a 1:2.5 dilution onto fibronectincoated coverslips in GMl. This cell dilution was chosen to ensure subconfluence at the time of imaging, so that individual cells could easily be distinguished. Cells were incubated overnight, and the following day the cells were rinsed and the medium was changed to a serum-free defined medium (DM) containing DME supplemented as described by Libby and O'Brien [23] . Cells were cultmud in this serum-free medium for 24 h.
Cells on coverslips were loaded with calcium-sensitive dye by a 30 min incubation at 37'C in a 5% COZ atmosphere with Furaacetoxymethly ester (Fura-2/m, Molecular Probes, Eugene, OR, USA). The Fur&?/AM was dissolved in dry dimethylsulfoxide (DMSO) at a stock concentration of 1 mM and mixed with DM to a concentration of 2 @I Fura-2/AM and 0.1% DMSO. Each coverslip contained approximately lo5 cells; the total volume of DM containing Fura-2/AM that was applied to the coverslip was 1.5 ml. Coverslips were then rinsed several times with HERES-buffered saline (HBS; 20 mM HEPES, 125 mM NaCl, 5.4 mM KCl. 1.8 mM CaCla, 0.8 mM MgSO4, 5.5 mM D-glucose), mounted in a flow chamber, and viewed immediately. Cells exam&d for autofluorescence were not incubated with Fura-ZAM but were otherwise prepared in an identical fashion.
The flow chamber ( Fig. 1 ) consisted of a 6 mm thick stainless steel plate with a vertical hole 13 mm in diameter through its centre. The coverslip containing the SMC was placed in a shallow slot on the bottom face of the plate and secured using petroleum jelly. A cleau coverslip was mounted on the top face of the plate and anchored in place using a molten 1: 1:l mixture of pe&oleum jelly, lanolin and paraffin, thus forming a cylindrical chamber with a volume of approximately 0.8 ml. The flow chamber allows gravity-fed flow in from a 1.5 ml reservoir above and to one side of the chamber, through a 1.5 mm diameter hole drilled at an angle through the plate and ending just above the coverslip covered with cells, and out through a small channel at the top of the chamber on the side opposite from the inlet. A small tube applied continuous suction to remove any excess fluid. A thin copper plate was placed beneath the flow chamber to help support the coverslip and to aid in heat conduction.
Cells and the surrounding medium in the flow chamber were maintained at 37'C. A circulating constant temperature water bath pumped water through copper tubing wrapped around the objective lens and through copper tubing soldered to a copper temperature stage. The copper stage was insulated from the microscope stage by Teflon spacers, and the cell-covered coverslip in the flow chamber was placed directly over the objective through an opening in the temperature stage.
Agonist introduction
Stimulants were introduced into the flow chamber by injection of approximately 2.5 ml of a 37'C solution of the agonist in HBS into the flow chamber reservoir. The addition took 2-3 s, and one chamber volume of solution flowed into the chamber within 2 s of the start of the injection. ATP was obtained from Sigma (St Louis, MO, USA). The non-fluorescent calcium ionophore Br-A23 187 was obtained from Molecular Probes.
In.rhwnentation
A schematic of the imaging system is shown in Figure 1 . The fluorescence epi-illummation system is based on a 75 watt Hg-Xe arc lamp (Hamamatsu Corp., Bridgewater, NJ, USA) and a pair of monchromators (model H20, Jnstmments SA Inc., Metuchen, NJ, USA, each equipped with a KM 524.00.230 1200 g/mm grating blazed at 330 mu), the latter used in place of interference filters to allow convenient tuning of excitation wavelengths [lo] . The lamp was chosen for its stability and long life in addition to its high brightness at the Hg spectral lines of 334 and 365 nm We chose to employ monochromators rather than m filters primarily for the ease of tuning that the monochromators provide. Although we commonly use the HIg spectral lines for fluorescen ce excitation, Additionally, the spectral transmission properties of the monochromators are variable by the choice of entrance and exit slits. For Fura-imaging the upper monochromator was set to 365 nm center wavelength with an entrance slit of 2 mm while the lower monochromator center wavelength was set to 334 nm with a 4 mm entrance slit. As the exit port of each monochromator was coupled a rectangular cross section fiber optic bundle of 2 mm width (see Fig. 1 and below), the upper monochromator had a triangular bandpass profile peaked at 365 nm of 8 nmwidthathalfmaximum transmission with nearly zero transmission below 357 nm or above 373 nm. The lower monochromator had a trapezoidal bandpass profile centered at 334 nm of 16 nm width at half maximum transmission and nearly zero transmission below 320 nm and above 348 nm According to the manufacturer's specifications, the relative overlap of the two spectral regions chosen for Fura-excitation is <lo-'. Although we have done no direct comparisons between our monochromators and interference fdters, it is possible in theory to obtain more light from a monochromator than from an interference filter. In practice, the size of the diffraction grating and optics associated with the monochromator as well as the wavelength dispersion of the grating determine the transmission efficiency of the monochromator. A straightforward discussion of monochromators can be found in [24] . Fluorescence excitation of the cells therefore occurs at 334 nm and 365 nm, cormsponding to two spectral lines of the Hg-Xe arc. when the sliding mirror is moved out of the light path, light is directed into the lower monochromator. A solenoid drive under computer control stably repositions the mirror in under 200 ms.
The exit ports of both monochromators were directly coupled to the two ends (2 mm wide by 8 mm high) of a 51 cm long bifurcated quartz fiber optic bundle (Volpi Manufacturing USA, Auburn, NY, USA) which terminates in a 6.4 mm diameter circular cross section randomised bundle directing the light through a computer controlled electronic shutter (A.W. Vincent Associates, Inc., Rochester, NY, USA) with an open/close time of less than 5 ms. According to data from Volpi Manufacturing, the transmissivity of this length of fiber is 60% t&n 900 to 450 nm, dropping to 55% at 300 run. After passing through a 75 mm focal length fused silica biconvex lens, the light entered the epi-illumination port of a Zeiss IM-35 inverted microscope (Carl Zeiss, Inc., Tbomwood, NY, USA) equipped with quartz epi-illumination optics and a Nikon 40x/1.3 NA CP Pluor UV lens (Nikon Inc. Instrument Division, Garden City, NJ, USA). A Zeiss PI' 395 dichroic mirror and a flow fluorescence long-pass barrier filter with 50% cutoff at 399 MI (Scbott Glass Technologies, Duryea, PA, USA) completed the fluorescence system.
Images were detected by a CCD instrumentation camera (Pbotometrics, Ltd., Tuscan, AZ, USA) equipped with a 390 x 584 pixel Texas Instruments 4849 CCD chip thermoelectricaBy cooled to approximately -45°C to reduce thermal noise. The chip allows image collection at very high quantum efficiencies (20-6096 at visible wavelengths) with a high degree of linearity and low readout noise (in the order of 15 photoelectron equivalents). 'Ibe analog image is digitised to 12 bit resolution and was transmitted to the computer via a 500 kHz IEEE-488 interface (National Instruments, Austin, TX, USA).
Computer control of the illumination system (mirror placement, shutter opening and closing) and the CCD camera was accomplished via a Masscomp 5500 computer (Concurrent Computer Corp., Gceanport, NJ, USA). A 14 Mflop Masscomp army processor enhances image computations during and after data collection. A Masscomp GA-1000 graphics subsystem, which included a pair of 1152 x 910 by 12 bit deep image planes and an independent graphics processor, was used for image display. Because 2 of the bit planes were used for overlay graphics, 10 bit planes are available for high resolution image display.
Operation of the CCD
The CCD may be operated in one or more of several specialised modes, as shown in Figure 2 . Straightforward operation allows a full-frame 390 x 584 image to be collected on and mad from the CCD chip; the time required to digitise and store the full frame is approximately 1.5 s. Alternatively, data may be read from a portion (or subarray) of the entire field; the readout and storage time is reduced from the time for a full-frame readout and storage approximately in proportion to the size of the subarray chosen. The operation of the CCD in subarray mode thus allows the same lateral resolution as a full-frame image, although over a smaller area of the field.
The CCD is also programmed to bin or combine, the photoelectrons contained in adjacent pixels at the time of readout, prior to digitisation. Binning 2 x 2, for example, combines the charge of 2 pixels in the x-direction and 2 pixels in tbe y-direction to form an array of 'superpixels'. The readout time for a binned image is reduced from the full frame, unbinned image readout time in proportion to the sizeofthefinalimage-i.e.a2x2binnedimage takes approximately l/4 tbe readout time of a full ti image. Since a major source of image noise is generated during image readout, combining pixel charge before readout produces a superior signal to noise ratio in tbe final image as compared to an unbinned image or to an image wbicb is binned to the same degree after readout
The spatial resolution of a binned image is necessarily reduced.
Third, the CCD can be operated in frame transfer mode.
In tbis mode, tbe CCD operates simultaneously as both a photoelectron storage and colIection device. Half of the field of view is physically masked by placing a partial field stop between the specimen and tbe CCD in a focal plane conjugate to the image plane. An image of the visible half of the field is collected by illumination at one excitation wavelength. After closing the shutter, tbe collected image is electronically shifted from the unmasked half of the CCD chip to the masked half in under 1 ms. A second image of the same half of the field is then collected by illumination at a second excitation wavelength. Tbe resultant full CCD image shows the same field twice, once for each excitation wavelength (see Pig. 2).
Image collection softwme Image collection and processing was accomplished through menu-driven software modified from a base system, Vista-IPS (Paragon Imaging, Lowell, MA, USA). Time-lapse imaging is accomplished via a set of programs that can direct the collection of up to 1000 images of three separate types (i.e. frame transfer, binned, brigbtfleld, etc) at a user-specified frequency. During image collection, images may be displayed on a monitor (Sanyo Electric, Inc., Compton, CA, USA) connected to the CCD camera on the graphic8 temktal. The latter display is available for concurrent display and image analysis.
Image collection and processing
Fluorescence image8 of cell8 at the two excitation wavelengths were collected using the CCJI frame transfer mode of operation, as described above. Because the SMC spread very thinly on the coverslip surface, typical operation of the CCD with no binning requires a 2000 ms exposure at 334 nm and a 200 ms exposure at 365 nm; 2 x 2 binning allowed these exposure tunes to be reduced by a factor of four. Blank field background images at both wavelengths were taken for each coverslip and subtracted from each of the cell images. The resultant background subtracted images were then split into halves, each half corresponding to one of the original excitation wavelengths, and ratio images (R) We= gHMX&d, where R = F334/p365, the fluorescence intensity at 334 run divided by the fluorescence intensity at 365 ML Autofluomscence contributed only 3-5% of the total fluorescence at each of the illumination wavelengths. Computations of ratio images and subsequent processing were carried out with floating point precision.
Calibration measurements are taken by imaging three solutions in the flow chamber positioned on the microscope stage: 10 pM Fur&2 free acid (Molecular Probes) in phosphate-buffered saline (PBS) supplemented with 2 mM CaCla, 10 pM Fura-free acid in PBS supplemented with 2 mM EDTA and PBS alone (for background subtraction). Rmax = (F334@365) at Saturating Ca2+ (F33@365) at no ca2' ,Rmin= and fi = F365(nO calcium)/F365(salurating Ca*+, were calculated from these images.
Use of these calibration measurements led to calculated resting [Ca2+]i in the order of 30 nM. As this level seemed rather low in comparison with the resting [Ca2+] in other cells reported in the literature [2, 6, 10, 12, 13] and in the light of the known systematic bias toward low calculated [Ca2']i when Fura-is in high viscosity or protein-containing media [25], we adopted a simple correction procedure to approximate the differing conditions in the cytoso1 as compared to PBS. All systematic bias may not be completely removed by this procedure.
Corrections for intracellular viscosity were determined by imaging solutions as above but supplemented with 60% (w/v) sucrose (RY Tsien, personal commum 'cation); Rmax, Rmin and fi am respectively found to be 60% 95%, and 80% lower in the high viscosity solutions as compared to PBS. The viscosity-corrected B for our imaging system was approximately 1.4 and the corrected Rmin and Rmax were approximately 0.2 and 0.05. All thme parameters vary across the field of view. Intracellular free Ca2' was determined according to the equation
, where &I = 224 nM is the equilibrium dissociation constant for Ca2' and Fura-[261.
Series of ratio or calcium images calculated as described were then processed by a masking technique to determine the average value of the fluorescence intensity ratio or calcium concentration at various regions in each cell as a function of time. Mashing was performed in one of two ways. If the cell of interest did not move, and if there was no drift of the field of view during the experiment, a one bit overlay mash of a region of the cell, corresponding to pixels in the cell image above a user-set threshold grey level value and delimited Images were collected using frame transfer interactively by the user to regions of interest, was made and applied to each of the images in the time-lapse sequence. The threshold level is determined interactively by the user; typically the level was set such that the image of the cell fluorescence ill~ted at 365 nm was sharply delineated. This usually samples the cell interior but avoids very dim cell extensions. If them was a change in the shape or position of the celI dnring the experiment the cells were ma&d interactively: the user selected the region of interest in each friune of the time-lapse sequence. Pixels in the ratio or calcium image which corresponded to a division by zero in the ratio calculation were excluded during either mashing procedure.
Image display in either grey levels or pseudocolour was possible. Ratio or calcium images could be displayed at 10 bit resolution; for this display mode 5 bits of the displayed image derived from the 365 fluorescence image modulate image intensity and 5 bits derived from the ratio or calcium image modulate image colour. This display allows the viewer to simultaneously observe calculated ratio or calcium levels as well as intrinsic fluorescence levels at all points across the cells. Correlation of devjant calculated [Ca2+]i with above average or below average fluorescence brightness in a pixel or cell region is facilitated. Data collection as described in the previous paragraph was from 32 bit floating point ratio or calcium images and was independent of image display.
Re.%lRS
The application of ATP to Fura-loaded SMC stimulated a rise in the concentration of intracelhrlar free calcium in the presence of extracelhilar calcium. In Figure 3a -c. plots of intracellular calcium concentration versus time are shown for 3 SMC in a single 390 x 192 pixel field. Pairs of images wete collected approximately every 9 s using the frame transfer mode of CCD operation; exposure times of 2000 ms at 334 nm and 200 ms at 365 nm ilhtmination wavelengths were used. All three cells began with mean intracellular free calcium concentration of 70-100 nM and responded immediately and synchronously to the addition of 50 pM ATP at 75 s, with a rise to a peak of 410-520 nM calcium. The cells returned to initial or less than initial calcium concentrations about 55 s after the initial rise. At 270 s, the ATP was removed and cellular calcium levels dropped slightly, remaining roughly constant until a second addition of 50 @I ATP to the chamber at 465 s. All three cells once again responded, although cells 2 and 3 (Pig. 3b and 3c) reached their peaks slightly later than cell 1 (Fig. 3a) . The magnitude of the responses in the three cells differed signikantly: cell8 1, 2 and 3 peaked at 300 &I, 100 nM and 200 nM calcium, corresponding to increases of 230, 30 and 90 nM calcium respectively. A second wash removed the ATP, returning the calcium levels to near initial values for all three cells. .The addition of 1 p.M Br-A23 187, a non-fluorescent calcium ionophore [27], served to again increase calcium levels. It is interesting to note that the maximum ratio values observed following exposure to the ionophore reached only 60-70% of their Rmax values and in cells 1 and 2 did not reach levels stimulated during the initial ATP addition. Additionally the cells appeared to regulate their calcium levels in the continued presence of the ionophore, as the calcium levels settle at a steady, albeit elevated, value after approximately 100 s. This result suggests that we have not overloaded the capacities of the cells to pump or store free calcium A final addition of 1 @vI Br-A23187 and 2 mM MuClz was used to quench the Fura-fluorescence by allowing the entry of substantial amounts of Mn2+ into' the cells. Approximately 80% of the fluorescence was quenched by this treatment As Mn2' quenches only the Fura-anion and not Fura-ZAM, the remaining cell-associated fluorescence is due to non-hydrolyzed or partially hydrolyzed Fura-YAM or to Fura-free acid that is isolated from the Mn2+. The former is more likely since the fluorescence ratio R drops to a low value, characteristic of the spectral response of FQra-ZAM [28] .
To examine the kinetics of the calcium transients in single cells in more detail, the response of a single cell to ATP was examined by simultaneously using the frame transfer, subarray and binning capabilities of the imaging system The cell shown in Plate 9 was imaged in a 200 x 292 pixel subarray with 2 x 2 binning, giving a final image size of 100 x 146 pixels. The cell was exposed for 500 ms at 334 nm and 50 ms at 365 nm, and pairs of images were collected approximately every 3 s. Although the image ha8 been binned, note that cellular detail, including thin processes, ate clearly visible. In Figure 4a , the corresponding plot of calcium concentration versus time is given. The calcium concentration increased rapidly from a starting level of approximately 80 nM to a peak of 840 nM upon addition of 50 @VI ATP and then returns to a slightly elevated calcium level of 130 nM over the next minute. The speed of data collection allows us to examine the calcium transients in more detail than for the data of Figure 3 . We note that the decrease in calcium concentration is not well character&d by simple exponential decay; this has been observed in many other cells as well (data not shown). A slight secondary rise in calcium at 100 s is also resolved. The removal of ATP from the extracellular medium causes the intracellular free calcium concentration to fall to slightly lower than its initial value. A second addition of 50 nM ATP A desensitisation of the ATP response is again suggested, as the second peak has a maximum of only 350 nM. The fall from the elevated calcium level to a steady and lower level again occurs in roughly one minute and is clearly not character&d by a single exponential.
To address the spatial dependence of the calcium response to ATP, the cell of Plate 9 and Figure 4a was examined in greater detail. Seven separate regions of the cell were selected and analysed. The temporal dependence of the calcium response was identical from region to region within the cell in that the initiation of both increases in [Ca2+]i and the times at which a peak was reached were the same (not shown). However, as may be seen in Plate 9, the resting and peak [Ca2+]i levels varied from point to point (see Table 1 ).
The results of a similar experiment are shown in Figure 4b . Pairs of images were collected approximately every 2.5 s for a subarray with a 2 x 2 binned size of 44 x 146 pixels. The addition of 50 @VI ATP stimulated a rise in calcium concentration from 100 to 1800 nM, followed by a return to a slightly elevated level. As in Pigure 4a there is a second minor calcium transient occmring after the first.
The data shown in Figure 5 are the result of an experiment on a field containing 2 cells. Frame transfer 2 x 2 binned images were collected approximately every 3.5 s. Cell 2 responds in a fashion similar to the cells of Figure 4: [Ca2+]i rises rapidly from approximately 100 nM to 530 nM calcium upon addition of 50 pM ATP, followed by a decrease, a strong secondary peak and a second decrease to nearly the initial concentration. As in Figures 3 and 4a , a second addition of 50 pM ATP stimulates a less dramatic rise in cakia in this cell, however, the secondary peak following this second response is nearly equal in height to the response itself. The addition of 1 pM BrA23187 stimulated a rise in calcium and then a decrease to a steady elevated level; the simulti~eous addition of 1 pM BrA23 187 and 2 mM M&la quenched fluorescence and depressed ratio values as in Figure  3 . After both the fit and second ATP stimulations, a second peak of [Ca2+]i delayed about 100 s after the initial response was seen in this cell.
The calcium levels of cell 1 in Figure 5 have quite a different character than those of cell 2. The calcium concentration in this cell before stimulation is elevated to approximately 300 nM. Stimulated increases in the calcium concentration am observed for cell 1 in response to both ATP and Br-A23187; the magnitude of the increases in cell 1 are less than in cell 2 for the first addition of ATP, greater than in cell 2 for the second addition of ATP, and approximately the same in the two cells for the addition of BrA23187. The data for cell 1 appear to be much noisier than for cell 2 or for the cells shown in Figures 3-5 and Plate 9. An examination of the original data (not shown) indicates that the noisy cell is at least as bright as cell 2 for both wavelengths of illumination; thus the noise is not due to a low signal to noise ratio for cell 1 as compared with cell 2 (see Discussion).
In Figures 3-5 [Ca2+]i transients subsequent to the initial response spike can be discerned in several Although the initial or primary calcium peaks of all 5 cells are synchronous to within the time resolution of the experiment, the ensuing oscillations are asynchronous from cell to cell as shown by the bottom trace in Figure 6 which is the average of the 5 cell responses. Finally, the oscillations do not show all the same characteristics. Cells 1 and 3 show highly regular and simple oscillations, cell 2 demonstrates less regular oscillations and cell 5 shows oscillations with an irregular shape. One of the cells, (cell 4). fails entirely to oscillate.
Discussion
Imaging system
One cell in Figure 5 has a much higher resting [Ca2$ than other cells shown in this report We find that approximately 20% of the cells we have observed (of a total >150) have significantly elevated resting [Ca2+]i similar to that of cell 1 of Figum 5. In every case, the fluctuations of measured [Ca2+]i about its mean value are a few times more than those in cells with lower 'normal' resting [Ca2+]l. In order to determine whether these fluctuations are due to the cells themselves, or to the measurement technique, we have analysed the dependence of fluorescence ratio, sensitivity and relative noise versus pCa for Fura-determination of [Ca2+]i. Since the wavelength pair (334/365 nm) we employ for Fura-ratio imaging differs from the more commonly used wavelength pair (340/380 nm), we additionally compare these properties for the two wavelength pairs. As can be readily discerned by examinin~+the excitation spectra for Fura-at various Ca concentrations [26] , the absolute value of ratio R for the 334/365 MI wavelength pair is always less than that for 340/380 run at any value of pCa Figure 7a is a plot of R versus pCa for both wavelength pairs, normal&d such that R = 1 at [Ca2+] = Kd for both curves. This normalisation is equivalent to adjusting fluorescence exposure time or excitation intensity to produce equivalent brightness images at [Ca2+] = 224 nM and thus allows us to compare the two wavelength pairs on the same scale. Over the range of pCa typically encountered in cells, 100 nM to 1 @I, the 334/365 ratio is nearly linear with pCa while 340/380 is less so (inset, Fig. 7a ). Thus the grey levels of 334/365 ratio images are reasonably representative of pCa, allowing one to estimate the calcium response of a cell with only three image computation steps (two subtractions and one division). The sensitivity of the response of R to a change in pCa (SRGpCa) for the two wavelength pairs is not shown in Figure 7b . The sensitivity of the 340/380 pair is greater than that for 3341365 over most of the physiological range of pCa. Note that the peak sensitivity of the 334f365 pair is in the middle of the physiological range (430 nM) while that for the 340/380 range is at the high end (2400 nM).
For a single measurement, the relative uncertainty of the ratio in any given pixel is the sum of relative uncertainties in the numerator and denominator image pixels, it is straightforward to derive the expression for the uncertainty in R where AR is the absolute uncertainty (or noise) in R, AF is the typical noise level in a pixel, fw is the intensity of fluorescence excited at the denominator wavelength in the absence of cakium, and Rmax, RIIlkl, fl, and Kd are as defined earlier. For a detemrination of the mean [Ca2+]1 based on multiple data samples the standard deviation of R follows a more complicated expression. Our expression is the upper bound to the standard deviation. Fluctuations in the number of calcium ions in the region represented by a pixel as well as diffusive or Ca2+-binding fluctuations in Fura-fluorescence are assumed to occur on a timescale much shorter than our shortest exposure time, 50 ms. For our images, the dominant contribution to pixel grey level uncertainty is camera noise. AF/F is of the order of 0.05 for the brightest regions in the cell. Figure 7c shows the relative uncertainty in R as a function of pCa for the two wavelength airs, normal&d so 5t that f365plin = f380,ti at [Ca ]i = Kd, again to allow us to compare the two wavelength pairs at the same scale. The relative noise for the 334/365 image pair decreases from low to high [Ca2']i, which, in combination with the dependence of R on pCa for this wavelength pair, indicates that the absolute uncertainty in R is relatively constant over the whole range of pCa. The most important measurement uncertainty is shown in Figure 7d in which relative fluctuations were measured pCa (ApCa/pCa) ate plotted versus actual pCa. We have included in this plot contributions due to fluctuations in all the measured parameters R, fi, Rti and Rmax. As the cell images which are used to calculate R are ten times dimmer than those used to calculate fi, Rmin and Rmax for our experiments, the relative fluctuations in the calibration images are ten fold lower than those in the cell images. Again the relative uncertainty for the 340/380 wavelength pair has been normal&d to that for 3341365. ApCa/pCa is lower for the 340/380 wavelength pair except over the pCa range from 6. 6-6.9 (126-250 nM) . Note that the relative uncertainty for the 334l365 wavelength pair is only 8% greater at pCa = 6.5 than-at pCa = 7.0. Using this fact to interpret the data of Figure 5 , it appears that the fluctuations in the upper trace (cell 1) am not due to instrumental noise. As stated earlier, the absolute signal detected for cell 1 was no less than that detected for cell 2, ruling out a difference in the signal/noise ratio between the two cells as an explanation. Thus it appears that the fluctuations associated with cell 1 arise from intrinsic fluctuations in [Ca2+]i; the cellular basis of this calcium noise is not apparent. The operation of the CCD in one or more specialised modes offers a variety of options to the user. Collection of a single image at full resolution on the CCD requires approximately 1.5 s for readout and image storage. Because fluorescence ratio unaging requires two separate images of the same field each corresponding to a different excitation wavelength, operation of the CCD in this mode would require at least 3.0 s for the collection of data to compute one ratio image, exclusive of actual exposure tunes. For this mason, it is often desirable to collect data on only one portion of the entire field, a subarray. The clear advantages, particularly for the collection of data to four ratio images, are faster interframe, readout and storage tunes. Binning the charge as it is collected from the CCD also offers the advantage of faster image transfer times; this advantage couples with that of shorter exposure times for a fixed image brightness. The use of this technique is particularly helpful for images of Ca2+ transients in SMC, for full frame uubintkd images require a total exposure time in the order of 2 s. Although the spatial resolution of the binned image is reduced in comparison with an unbinned image, individual cells and some iutracellular structure are still distinguishable even with 3 x 3 binning.
Operation of the CCD in frame transfer mode, employing it simultaneously as a photoelectron storage and collection device, is particularly suited to Fura-ratio imaging because both images needed for the ratio are collected with minimal time between images. JZrrors due to temporal mismgistxy between numerator and denominator images are greatest when Ca2+ is rapidly changing or when cells move rapidly. For frame transfer imagiug with our system, the predominant cause of temporal misregistry is the exposure time of the 334 nm image.
Ca2+ transients in SMC
In an earlier study, demonstrated ATP-induced calcium transients in suspensions of cultured smooth muscle cells from rat aorta.
We extend those observations to individual cultured swine aortic smooth muscle cells attached to a substrate, and examine detailed kinetics of the calcium transient Rapid imaging of ceils, taking pairs of images every 2-3 s, allows us to resolve features in the 
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The asynchronous sustained oscillations of [Ca ] i shown in Figure 6 would appear as noise with lower time resolution data collection. The pattern of these oscillations varies widely from cell to cell as has been reported for other cells [29, 301 ; the data reported in Figure 6 are typical of our observations of more than 150 SMCs. We find that most (-7080%) of the cells with resting levels of [Ca2+]i near 100 nM display calcium oscillations after the ATP-stimulated transient when observation times extend for 2 minutes or longer, and that the oscillations require the continued presence of the stimulant A more detailed study of these oscillations is in progress. The data shown here support the postulate that desensitisation of the ATP-induced calcium response occurs with continued exposure to ATP and extracellular calcium After an initial exposure of the cells to ATP for approximately 100-200 s and a brief (50-150 sf wash, an identical dose of ATP produces a significantly decreased calcium response. Benham and Tsien [21] have shown that ATPactivated Ca2+ channels in aortic smooth muscle inactivate within -2 s after application of 1 @I ATP.
As the decline of the whole-cell Ca2' response to ATP we find has a considerably longer time course than 2 s, either a second mode of desensitization or altered ATP-activated Ca2' channel activity in our cells is indicated. The former is supported by the fact that stimulation of SMC with ATP in Ca2'-free, EGTAcontaining HBS produces the initial [Ca2+]1 transient (not shown), implicating release of calcium from intracelhrlar stores as the p&nary source of the initial rise in [Ca2+k.
Elevated intracellular calcium levels arc also observed after the addition of Br-A23187. The fluorescence ratio in these cells does not, however, reach Rmax levels and, in the cells examined, this response is less in magnitude than the initial response to ATP.
The subsequent decline of calcium levels to a steady though elevated level suggests that SMCs regulate their calcium levels to some degree in the continued presence of the ionophore. The addition of Br-A23187 together with Mn2' leads to a quenching of Furafluorescence suggesting that Mn2+ is entering ion channels opened by the ionophore [3] . The fact that not all of the cell-associated fluorescence is quenched by this treatment and that the ratio values of the cells drop dramaticalIy when Mn2+ is added (Figs 3, 6) indicates that not all of the Fura-ZAM is completely hydmlysed by SMCs.
This result complicates our measurement of [Ca2+]i since the contribution of Fura-2/AM fluorescence tends to artifactnally depress measured [Ca2+]i. Since the Fura-ZAM may redistribute within a cell during our measurement interval, we have chosen not to attempt a further correction for this artifact.
Careful examination of Plate 9 shows that the apparent distribution of [Ca2+]1 is heterogeneous, even in unstimulated cells. It is quite likely that some of the Furaanion is entrapped within organelles such as sarcoplasmic reticulum and mitochondria and that these regions report higher [Ca2+]i than does the cytosol. A recent report 1251 indicates that interaction of Fura-with intracellular macromolecules can greatly affect both Kd and the spectral properties of Fura-2. This fact, coupled with an uncertainty in the true intracellular viscosity of an individual cell cast doubt on the accuracy of the absolute calibration of calcium that we report. However, the details of kinetics described here are not significantly affected by such uncertainties.
In conclusion, the charge-coupled device imaging system we describe is well suited to the rapid and accurate ratiometric imaging of [Ca2+]l in individual cells and of multiple cells in the same field of view. The data reported here describe subtle features in the calcium transients in SMC exposed to ATP and Br-A23 187.
